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Background and Aims of This Article
D ocetaxel, a more potent semisynthetic derivative of paclitaxel, derived from extracts of the leaves of the European yew tree (Taxus baccata), was discovered in the 1980s. (1) Docetaxel (Taxotere â ) was first approved for use by the US Food and Drug Administration in 1996 for locally advanced or metastatic breast cancer after failure of prior chemotherapy, with a dose of 60 to 100 mg ⁄ m 2 administered intravenously over 1 hour every 3 weeks. Thereafter, additional indications were approved at a dose of 75 mg ⁄ m 2 . In contrast, docetaxel was approved in Japan in 1996 with the recommended dose of 60 mg ⁄ m 2 every 3 weeks, based on a Japanese phase I study. (2) Currently, docetaxel is widely used for treatment of breast, non-small cell lung, gastric, head and neck, ovary, esophageal, uterus body and prostate cancers, and the Japanese approved dose has been extended to 60 to 75 mg ⁄ m 2 . However, there is still discrepancy between Japan and Western countries in the standard doses for pretreated non-small cell lung cancer, with docetaxel typically administered at a dose of 60 mg ⁄ m 2 every 3 weeks in both clinical practice and clinical trials of Japan.
Docetaxel is one of the most important chemotherapeutic drugs and a number of clinical studies have been conducted to extend its clinical applications. When global or multi-national collaborative studies used the dose of 100 mg ⁄ m 2 , Japan was not able to join these studies because the 100 mg ⁄ m 2 dose exceeded the Japanese approved dose. Recently, some Japanese patients were treated at a dose of 75 mg ⁄ m 2 when they participated in global clinical trials of docetaxel (67) . With this unique history of docetaxel dose discrepancy, Japanese oncologists still feel uncertain about the optimal dose selection.
Needless to say, it is important to determine the optimal dose of docetaxel for Japanese patients in routine clinical settings. However, the central question is why the Japanese standard dose of docetaxel differs from the Western dose. The present article focuses on reviewing pharmacokinetic (PK), pharmacodynamic (PD) and toxicological profiles of docetaxel, and discussing whether there is any evidence showing that a lower dose is more appropriate in the Japanese population. We also discuss which direction we should go forward to solve the current clinical problem.
Pharmacokinetics
Standard pharmacokinetics. Docetaxel PK parameters are summarized in Table 1 . (2) (3) (4) (5) (6) (7) (8) In a phase I trial, the PK of docetaxel was linear, determined by 23 (3, 9) A PK analysis suggested the presence of nonlinear pathways, (10) whereas PK parameters remained linear up to 175 mg ⁄ m 2 in a phase I and PK study of docetaxel administered with granulocyte colony-stimulating factor.
(11) Docetaxel exposure as measured by the area under the plasma concentration time curve (AUC) was the only significant predictor of severe toxicity during the first course of chemotherapy. (12) It was also reported that docetaxel PK were similar for weekly and 3-weekly regimens. (13) Large interindividual variability in docetaxel PK was reported despite intravenous infusion dosing (coefficient of variation 30-40%), and the variability was related to both toxicity and efficacy. (5, 14, 15) Therefore, unique clinical trials were conducted to attempt to optimize drug exposure in individual patients. Engels et al. reported a randomized trial to evaluate the effect of PK-guided individualized dosing of docetaxel in cancer patients. The interindividual variability was decreased by 35% after 1 PK-guided course, and PK-guided dosing also decreased the interindividual variability of the percentage decrease in white blood cell and absolute neutrophil counts by 50%. (16) Yamamoto et al. also performed a randomized trial to assess individualized doses of docetaxel calculated from the estimated clearance and the target AUC of 2.66 lg h ⁄ mL, and reported that the standard deviation of AUC was significantly smaller in the individualized dosing arm than in the body surface area-based dosing arm. (17) Although individualized docetaxel dosing was feasible in both trials, they were not able to evaluate the efficacy of this dosing method due to the small sample size.
It should be noted that docetaxel was the first drug whose population PK were evaluated in a prospective manner from phase I through to phase III clinical trials. The population PK analysis performed in the Western countries found that docetaxel clearance was related to a1-acid glycoprotein (AAG) level, hepatic function, age and body surface area. (18) The population PK analysis conducted in Japan analyzed data from 102 Japanese patients with solid tumors who participated into phase I and II clinical trials. Clearance was described by a similar equation to that in the Western population ( Table 2 ). The mean values and covariate effects of docetaxel clearance in Japanese patients were comparable to those obtained in the European and US population, suggesting no racial difference in the elimination of docetaxel (Fig. 1) . (19) Metabolism and elimination. Docetaxel is metabolized by the hepatic cytochrome P450 (CYP) 3A isoforms CYP3A4 and CYP3A5, and the predominant route of elimination of parent drug and metabolites is via biliary and intestinal excretion. (20, 21) CYP3A4 activity was found to be the most significant independent variable for predicting the clearance of docetaxel. (15) Docetaxel is excreted mainly in the feces as metabolites. A study of 14 C-docetaxel suggested that 6% and 75% of the administered radioactivity is excreted in urine and feces (Taxotere â package insert). Distribution. Lipoproteins, AAG and albumin were the main carriers of docetaxel in plasma, and owing to the high interindividual variability of AAG plasma concentration, it was reported that AAG should be the main determinant of docetaxel plasma binding variability. (22) The fraction of unbound docetaxel was reported to range from 4% to 10% in the plasma of patients treated with docetaxel, and AAG was found to be correlated with fraction unbound and clearance of total docetaxel. (23) In a PD analysis of docetaxel monotherapy, greater maximum concentration (Cmax) and AUC of unbound docetaxel, but not total docetaxel, in plasma were associated with greater risk of grade 4 neutropenia. (8) These results may reveal that primarily unbound drugs are pharmacologically active because they can distribute into tissues or cells to bind their targets. Also in a clinical study evaluating unbound docetaxel PK, AUC of unbound docetaxel was better associated with severe neutropenia than AUC of total (unbound + bound) docetaxel. (24) Drug interactions. Docetaxel is subject to extensive metabolic conversion by CYP3A isoenzymes, which results in Table 1 . Pharmacokinetic features of docetaxel
Extra et al. several pharmacologically inactive oxidation products. (21) Antiepileptic drugs, in particular phenytoin and phenobarbital, possess the potential to interact with docetaxel through induction of the hepatic metabolic activity, and can greatly reduce the potential antitumor effects of docetaxel. (21) In contrast, potent inhibitors of CYP3A, such as ketoconazole, were reported to decrease docetaxel clearance (49% decrease in clearance of docetaxel). (21, 25) Concomitant treatment with doxorubicin was associated with decreased docetaxel clearance (20% decrease in clearance), (26) probably because doxorubicin inhibited the CYP3A activity. In a PK and PD study for the combination of docetaxel and topotecan in patients with solid tumors, administration of topotecan on days 1-4 and docetaxel on day 4 resulted in an approximate 50% decrease in docetaxel clearance and was associated with increased neutropenia. (27) In designing combination regimens of chemotherapeutic agents, attention should be paid to drug interactions.
Pharmacogenomics. ABCB1 (P-glycoprotein, multidrug resistance 1), ABCC2 (MRP2) and SLCO1B3 (OATP1B3, OATP8) are considered as transporters to carry docetaxel. ABCB1 plays important and crucial roles in intestinal absorption and biliary excretion. (28, 29) There was no statistically significant effect of genotype on the clearance of docetaxel for ABCB1 genetic variations. (30, 31) However, the homozygous allele T of C1236T polymorphism in the ABCB1 gene (ABCB1*8) was significantly correlated with a decreased docetaxel clearance (À25%; P = 0.0039). (32) Single nucleotide polymorphism (SNP) in ABCB1 may influence toxicity more than the PK of docetaxel.
ABCC2 and SLCO1B3 have cooperative roles in the docetaxel transport process in the liver. (33) A Japanese case-control association study indicated a significant association of both rs12762549 in ABCC2 (P = 0.00022) and rs11045585 in SLCO1B3 (P = 0.00017) with docetaxel-induced leukopenia ⁄ neutropenia. (34) Regarding hepatic metabolism, influences of polymorphism in CYP3A4 and CYP3A5 on docetaxel PK were not demonstrated in several studies. (31, 35) One study reported that simultaneous presence of the CYP3A4*1B and CYP3A5*1A alleles was associated with a 64% increase in docetaxel clearance (P = 0.0015). (36) In addition, rs7761731 of CYP39A1 was found to be the only SNP significantly associated (P = 0.049, OR = 9.0) with the incidence of grade 4 neutropenia among 28 SNP, which were associated with the AUC of docetaxel. (37) The pharmacogenomics of docetaxel have not yet been elucidated in a large clinical study. A genome-wide association study is expected to find genomic variants which relate to the efficacy or toxicity of docetaxel. (38, 39) Special population: Hepatic dysfunction. In a population PK analysis, patients with concomitant elevations of transaminases (ALT or AST > 1.5 9 ULN) and alkaline phosphatase (>2.5 9 ULN) showed a 27% reduction in docetaxel clearance and are higher risk of toxicity. (14) However, in an observational study of docetaxel for patients with metastatic breast cancer and liver dysfunction, PK results suggested that docetaxel at 25 mg ⁄ m 2 for patients with more severe hepatic dysfunction (serum total bilirubin 1.5-3 9 ULN, and ALT or ALT 2.5-5 9 ULN) may be underdosed compared with docetaxel at 100 mg ⁄ m 2 for patients with normal hepatic functions. (40) Docetaxel unbound clearance was lower and more variable in patients with hepatic dysfunction compared to those without hepatic dysfunction. (41) Compared to patients with normal liver function, patients with grade 2 and 3 elevations of transaminases at baseline in conjunction with elevation of alkaline phosphatase (grade ≥1) showed 22% and 38% lower clearances, respectively. Minami et al. proposed dose reduction by approximately 20% and 40% for patients with grade 2 and 3 elevations of transaminases at baseline in conjunction with elevation of alkaline phosphatase, respectively. (42) Caution is warranted and appropriate dose reduction seems advisable for docetaxel when treating patients with liver dysfunction, although the correlation between serum drug exposure and toxicity needs further investigation.
Special population: Renal dysfunction. Preclinical PK studies show that hepatobiliary extraction is the major route of elimination, with similar metabolic pathways in all species. (43) No apparent differences were seen in the plasma concentration time curves of docetaxel administered before or after dialysis. (44) Because docetaxel is excreted mainly in the feces as metabolites, docetaxel PK may not be altered in patients with renal dysfunction.
Special population: Elderly. A population PK showed that age was one of factors affecting docetaxel clearance (6.7% decrease in mean clearance for a 71-year-old patient). (18) In a prospective PK study of 75 mg ⁄ m 2 docetaxel every 3 weeks for patients with solid tumors, mean docetaxel clearance was not altered in elderly patients (≥65 years) versus younger Table 2 , and a correlation analysis is provided: y = 1.178x À 5.454 (R 2 = 0.894, r = 0.945). CL, total body clearance (L ⁄ h). The solid line shows a unit line.
patients (<65 years). However, the percentage of patients experiencing grade 4 and febrile neutropenia was remarkably higher in elderly (63% and 16%, respectively) versus younger (30% and 0%, respectively) cohort. (7) In two phase II studies separately conducted in elderly (≥75 years) and non-elderly (<75 years) using non-small cell lung cancer patients treated with three weekly administration of docetaxel and cisplatin every 4 weeks, there was no difference in the PK of docetaxel or cisplatin between the two groups with regard to clearance and volume of distribution. In the PD analysis, neutropenia was positively correlated with the AUC for docetaxel but not for cisplatin. (45) These results suggest that there is no significant difference in the PK of docetaxel between elderly and non-elderly patients, and that docetaxel is more toxic for elderly patients. In a PK study of paclitaxel, clearance of the unbound drug, the pharmacologically active fraction, was significantly different between elderly (≥70 years) and younger (<70 years) patients. (46) However, there is no data on the difference in clearance of unbound docetaxel between elderly and non-elderly patients.
Inter-ethnic difference. There are some reports discussing inter-ethnic difference for PK and toxicity of docetaxel. In a prospective study of 106 patients with non-hematologic malignancy, there was no difference in geometric mean docetaxel clearance between Black patients (40.3 L ⁄ h) and White patients (41.8 L ⁄ h, P = 0.6). There was also no difference between Black and White patients in the percentage decrease in absolute neutrophil count nor docetaxel PK parameters related to the genotypes of CYP3A4, CYP3A5 and ABCB1. (47) By using published data of phase II and III clinical trials to investigate single agent docetaxel every 3 weeks, docetaxelinduced grade 3 ⁄ 4 neutropenia was frequently observed in Asian clinical studies compared to non-Asian studies (odds ratio 19.0). However, a major limitation of this study was not evaluating PK and serum AAG level. (48) According to results of population PK studies, there may be no significant difference in docetaxel clearance between Japanese and White patients. (Fig. 1) . (18, 19) In PK analyses of docetaxel for Asian patients with breast cancer, including Chinese, Malays and Indians, no ethnic difference was observed. (49) Therefore, there seems present an inter-ethnic difference in toxicities, but ethnic difference in the PK of docetaxel has not been demonstrated.
Pharmacodynamics
Clinical response. In phase III studies for breast cancer patients previously treated with anthracycline, docetaxel 100 mg ⁄ m 2 produced significantly higher response rates than other regimens (response rate: 30-36%). (50, 51) In two randomized phase III studies, docetaxel 100 mg ⁄ m 2 was significantly superior in overall survival. (50, 52) Regarding hormone-refractory prostate cancer, two large phase III trials demonstrated that docetaxel showed survival benefits. (53, 54) Until now, there has been no randomized phase III study to show efficacy of docetaxel monotherapy for Japanese patients with metastatic breast cancer and prostate cancer.
There was a phase III study of docetaxel monotherapy versus best supportive care in patients with non-small cell lung cancer, previously treated with platinum-based chemotherapy. Survival in patients treated with docetaxel 75 mg ⁄ m 2 was significantly better than in those treated with best supportive care (P = 0.01). (55) Table 3 summarizes data on the efficacy of docetaxel monotherapy every 3 weeks for pretreated non-small cell lung cancer patients. (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) Response rates varied from 2.7% to 17.9% for non-small cell lung cancer patients in second-line settings.
Exposure-Response relationships. In a phase III trial comparing three doses of docetaxel for second-line treatment of advanced breast cancer, 527 patients were randomly assigned to docetaxel 60, 75 or 100 mg ⁄ m 2 intravenously every 3 weeks. (51) A relationship between an increasing dose of docetaxel and increased tumor response was observed across the dose range of 60 to 100 mg ⁄ m 2 (response rate: 22.1%, 23.3% and 36.0%, respectively) and toxicities were also related to increasing dose. However, there was no statistically significant relationship between the objective response rate and docetaxel exposure. In a population PK analysis, the AUC of docetaxel in the first cycles was significantly related to time to progression. (14) A Japanese population PK study showed that the efficacy of docetaxel was not correlated with the AUC. (19) A large scale population PK ⁄ PD analysis was successfully implemented during the clinical development of docetaxel. (73) Cumulative dose and baseline AAG were significant independent prognostic factors for survival in patients with non-small cell lung cancer. In six phase II studies of docetaxel monotherapy at a dose of 100 mg ⁄ m 2 for non-small cell lung cancer, baseline AAG was a significant predictor of response and survival. (12) A population PK study also showed that AAG was a significant predictor of response. (14) However, a predictive biomarker for the efficacy of docetaxel has not yet been established.
Toxicity
Toxicity profiles. The dose-limiting toxicity in phase I studies was neutropenia.
(2-4) Neutropenia, leukopenia, neurological toxic effects, diarrhea, alopecia, asthenia and nausea were common adverse effects of docetaxel monotherapy every 3 weeks. Toxicities of docetaxel monotherapy every 3 weeks for non-small cell lung cancer patients are shown in Table 3 . (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) Despite Japanese patients being treated with lower 60 mg ⁄ m 2 docetaxel, incidence of severe neutropenia and febrile neutropenia was higher in Japanese trials compared with patients treated with 75 mg ⁄ m 2 docetaxel in Western country trials. In addition, it was reported that docetaxelinduced grade 3 ⁄ 4 neutropenia was more frequently observed in Asian clinical studies compared to non-Asian studies. (48) In a phase III study of docetaxel versus best supportive care in patients with non-small cell lung cancer previously treated with platinum-based chemotherapy, the docetaxel dose was reduced from 100 to 75 mg ⁄ m 2 based on interim safety-data monitoring which identified a significantly higher toxic death rate in the chemotherapy arm of the study. (55) Based on this study, the standard dose of docetaxel for patients with pretreated non-small cell lung cancer has been considered as 75 mg ⁄ m 2 every 3 weeks. It is also reported that docetaxel at a dose of 100 mg ⁄ m 2 showed severe toxicities in heavily pretreated breast cancer patients. (74) Therefore, an optimal dose of docetaxel potentially depends on treatment line and types of cancer.
Exposure-toxicity relationship. Hematological toxicity of docetaxel correlated with the exposure to docetaxel. (14) Based upon a population PK ⁄ PD model describing factors responsible for the neutropenia caused by docetaxel, serum AAG levels, level of chemotherapy pretreatment and treatment center were identified as significant covariates of neutropenia. (75) In two randomized PK studies of docetaxel to compare PK-guided individual dosing and dosing based on body surface area, the PK-guided individual dosing decreased interindividual variability in hematological toxicity. (16, 17) Idiosyncratic toxicity. Popular idiosyncratic toxicities of docetaxel include fluid retention, nail changes, tearing and hypersensitivity reactions. Fluid retention was reported to occur in 53% of patients treated with docetaxel monotherapy at a dose of 75 or 100 mg ⁄ m 2 , and median time to onset was 85 days (95% CI 81-92 days). The cumulative dose of docetaxel was the most important predictor for fluid retention. (14) In two studies to evaluate nail change in patients treated with docetaxel, 26-58% developed nail changes. (76, 77) These studies showed that the number of chemotherapy cycles and cumulative docetaxel doses were strongly associated with the development of nail changes.
Clinical Trial Simulations
Virtual computer simulations resembling clinical trials of docetaxel were performed to assess the benefit from dose intensification in patients with high AAG levels, using PK ⁄ PD and death ⁄ drop-out models describing time to progression. (78) (79) (80) The simulated phase III trial showed slightly longer median survival in the 125 mg ⁄ m 2 docetaxel group than in the 100 mg ⁄ m 2 group, but the results did not show a useful benefit of increasing the dose. Clinical trial simulation was also applied to design the most advantageous combination regimen. Based on modeling techniques using clinical data, the PD interaction was simulated between capecitabine and docetaxel in metastatic breast cancer. (79) Bruno et al. conducted simulations to determine how much of a decreased capecitabine dose would be non-inferior to the standard dose in a combination regimen with docetaxel for the second-line treatment of metastatic breast cancer. (80) What is the Optimal Dose?
In a phase I study of docetaxel performed in the USA, neutropenia was the dose-limiting toxicity and the maximum tolerated dose for patients receiving two or fewer chemotherapy regimens was 100-115 mg ⁄ m 2 . This study concluded that the recommended doses for phase II trials were 100 mg ⁄ m 2 for good-risk patients and 80 mg ⁄ m 2 for poor-risk patients, respectively. (4) A European phase I study of docetaxel also reported that the tolerated dose was 115 mg ⁄ m 2 and the recommended dose for a phase II study was 100 mg ⁄ m 2 . (3) In a Japanese phase I study of docetaxel, based on the observation of doselimiting toxicities including leukopenia and neutropenia, the maximum tolerated dose was determined to be 70-90 mg ⁄ m 2 . The Japanese investigators concluded that a dosage regimen of 60 mg ⁄ m 2 at 3-4-week intervals was appropriate for the early phase II clinical trial. (2) This discrepancy in the Western and Japanese phase I trials created the important difference in the recommended dose of docetaxel between US ⁄ Europe and Japan. Prospective population PK analysis of docetaxel for Japanese patients showed similar clearance values to European and US populations, suggesting the absence of ethnic difference in the PK. (18, 19, 73) Although hematological toxicity of docetaxel was reported to be well correlated with exposure to docetaxel, similar PK cannot explain the difference in the recommended dose of docetaxel between US ⁄ Europe and Japan. (14) . However, based upon the toxicity profiles, the Japanese population seems more susceptible to the toxicity of docetaxel. This difference in toxicity profiles was possibly caused by unknown genetic factors, and differences in unbound docetaxel concentrations or baseline counts of white blood cells. However, mechanistic insights are not yet elucidated for different sensitivity to docetaxel toxicity between Japanese and Western populations.
Nowadays, a docetaxel dose of 75 mg ⁄ m 2 is used in most of global clinical trials. (53) (54) (55) (56) The approved recommended doses of docetaxel in Asian countries except Japan (China, Korea, Taiwan and Singapore) are 100 mg ⁄ m 2 for breast cancer and 75 mg ⁄ m 2 for non-small lung cancer. (66) A docetaxel study in Singapore using doses of 75 or 100 mg ⁄ m 2 showed similar PK but relatively higher incidence of febrile neutropenia compared to the Western population. (31) Recent Japanese clinical trials also used 75 mg ⁄ m 2 dose for breast cancer and non-small cell lung cancer. (81, 82) With an increasing number of medical oncologists in Japan with experiences and skills in toxicity management and with the significant progress in supportive care, a docetaxel dose of 75 mg ⁄ m 2 is likely to become a chemotherapy treatment option with curative intent in Japan.
Conclusion
Oncologists have used docetaxel for almost 20 years, and it is now one of the most important cytotoxic drugs for cancer treatment. A prospective population PK analysis of docetaxel indicated the absence of ethnic difference in PK. However, although so far most Japanese patients have been treated with 60 mg ⁄ m 2 docetaxel, severe hematological toxicities are more frequently experienced in the Japanese compared to the US and European patients given 75-100 mg ⁄ m 2 doses. Twenty years ago, there was a difference in the recommended dose of docetaxel for US ⁄ Europe and Japan. Today, with the growing experience of medical oncologists and the remarkable progress in supportive care, a 75 mg ⁄ m 2 dose of docetaxel is a treatment option in Japan. We need to continue to work towards determining the optimal dose of docetaxel, taking into account individual patients' status and the goal of chemotherapy.
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